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As evidenced by growing scientific and industrial research in recent years, nanofiber membranes 
created by electrospinning engineering are being committed to novel applications for developing 
technologies. Membranes are highly successful because of their characteristics, which include a 
small pore size, a vast specific surface area, and the excellent filtration. This nanofibrous filter is 
the most fascinating study in the previous decade due to availability of nanofiber raw materials 
and particular useful characteristics. Membrane procedures are becoming increasingly popular 
because to their efficiency in removing germs, pathogens, natural organic matter, and particles. 
In our thesis we try to use membrane technology to create water filtration which may use in to 
save industrial water, due to forth industrial revolution saving water is most important issue to 
save the nature and wildlife. The prime aim of filtration is separation of micro particle from 
water.  
In our studies, heat press lamination was subjected to two distinct pressures and three 
temperatures. Air permeability, surface pore size, water filtration, and contact-angle tests were 
used to explore the effects of lamination pressure on the breathability, water permeability, and 
surface wettability of multi-layered nanofibrous membranes. Moreover, the effects of the 
laminating pressure on breathability, and water permeability, surface wettability of multi-layered 
nanofibrous membranes were investigated with air permeability, water filtration, surface 
porosity, contact-angle experiments. In our work, we used PA6 and PVDF and PAN nanofibers 
with different surface areas i.e., 1.0 GSM, 1.5 GSM, 2.0 GSM, and 3.0 GSM at 110oC, 125oC, 
and 135oC temperature. After testing the filtration capacity of all membranes, we get nine best 
samples out of thirty-six samples, considering the best micro particle separation capacity of all 
the membranes with high flux. 
Key words: Electrospinning, microfiltration, membrane, flux, permeability, microparticles.  








   Abstrakt 
Jak dokazuje rostoucí vědecký a průmyslový výzkum v posledních letech, membrány 
z nanovláken vytvořené technikou elektrostatického zvlákňování se zavázaly k novým aplikacím 
pro vývoj technologií. Membrány jsou velmi úspěšné díky svým vlastnostem, které zahrnují 
malou velikost pórů, velký specifický povrch a vynikající filtraci. Tento nanovlákenný filtr je 
nejvíce fascinující studií v předchozím desetiletí kvůli dostupnosti surovin z nanovláken a 
zvláštním užitečným vlastnostem. Membránové postupy jsou stále oblíbenější, protože jsou 
účinné při odstraňování choroboplodných zárodků, patogenů, přírodních organických látek a 
částic. Tato diplomová práce se snaží použít membránovou technologii k vytvoření vodní 
filtrace, která může sloužit k úsporám průmyslové vody, protože v důsledku průmyslové 
revoluce je úspora vody nejdůležitějším problémem pro záchranu přírody. Hlavním cílem filtrace 
je separace mikročástic z vody. 
V této studii byla laminace tepelným lisem vystavena třem odlišným tlakům a teplotám. 
K prozkoumání účinků laminačního tlaku na prodyšnost, propustnost pro vodu a smáčivost 
povrchu vícevrstvých nanovlákenných membrán byly použity testy propustnosti vzduchu, 
filtrace vody, velikost povrchových pórů a kontaktní úhel. Kromě toho byly zkoumány účinky 
laminačního tlaku na prodyšnost, propustnost pro vodu a smáčivost povrchu vícevrstvých 
nanovlákenných membrán pomocí experimentů s propustností vzduchu, vodní filtrací, 
pórovitostí povrchu a kontaktním úhlem. V této práci jsou použita nanovlákna PA6, PVDF a 
PAN s různými povrchovými plochami, tj. 1,0 GSM, 1,5 GSM, 2,0 GSM a 3,0 GSM při teplotě 
110°C, 125°C a 135°C. Po testování filtrační kapacity všech membrán bylo získáno devět 
nejlepších vzorků ze třiceti šesti vzorků, přičemž se bere v úvahu nejlepší schopnost separace 
mikročástic všech membrán s vysokou propustností. 
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Nanofiber membranes by electrospinning engineering are being devoted to new application for e
merging technologies, as demonstrated by rising scientific and corporate research in recent years. 
Membranes are so effective due to their properties effective characterized for instance, narrow 
pore size and specific surface area and good filtration properties as well. Due to availability of 
raw materials of nanofibers and special convenient properties, nanofibrous filter is the most 
interesting study in last decade. Membrane processes are popular in these days because 
effectiveness of removal bacteria, microorganisms, organic material, particulates, and which can 
impart on the color, and odors to water, tastes, and react with the disinfectants to form the 
disinfection byproducts [1].  
Microfilter has been developing at industrial commercial scale for several purposes. Removing 
of bacteria from milk and selective separation of casein micelles from soluble proteins are the 
clear example of using micro-filters [2]. Although most water is filtered for human consumption, 
it may also be used for a number of other purposes, such as satisfying the needs of medicinal, 
pharmaceutical, chemical, and industrial uses [3]. 
Surface of nanofibers is extremely high. Its aspect ratio is much more than conventional fibers. 
The reason behind the not using in water is due to their mechanical weakness which cannot stand 
under water. Two different pressures and three different temperatures were applied to heat press 
lamination in our experiments. The thermal lamination process is one of the most efficient, 
repeatable, timesaving, environmentally safe and cost-effective methods of surface adhesion. 
The adhesive polymer or polymer web is typically applied between three surfaces in this system. 
Using heat and pressure, the surfaces adhere together. In our thesis we use polyethylene 
terephthalate (PET) and adhesive web (copolymer) and nanofiber. Due to low melting point of 
adhesive web, it become melt and nanofiber and PET are bonded together [4]. It was found that 
both the supporting material and density of the nanofiber network had an effect on the water 
permeability of the multilayer nanofibrous membranes. The lower area weight of an open 
structure supporting components has a greater water flow and permeability. Kanafchian et al. [5] 
used a heat-press method for lamination polyacrylonitrile (PAN) nanofiber to the polypropylene 
spunbond at different laminating temperatures. It has been found that although applied 
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temperature is smaller than the melting point of the polypropylene spunbond, the nanofiber web 
remains unchanged. There is a wide volume of research related to enhancing the strength of 
nanofibers; however, the number of publications is still small relative to those related to 
lamination technology. 
 
2. THEORITOCAL PART 
2.1 Nonwoven 
Nonwovens are sheet, web or bat of natural and/or man-made fiber if filaments, excluding paper, 
that have not converted to yarn and they are bonded with each other by many several means. For 
example, adding adhesive or thermally fusing, stitching etc. Nonwoven are flat, specific porous 
sheets that are produced from separate fibers or from molten polymer or plastic film [6]. 
Nonwovens are progressing rapidly to support filter media producers in providing increased 
efficiency. This technology is also use for thin sheet as a membrane which is use for air filtration 
and hygiene product like mask, wound dressing, and some medical sectors layer sometimes 
nonwovens are use as filter and support of membrane. Nonwovens provide many unique 
technical qualities in comparison with fabric filters, including increased permeability, a more 
specific surface area and controllable pores and smaller pore sizes, and the advantages of a 
higher filtration efficiency, lower power consumption and better cake release properties on were, 
in comparison with woven textile filters. Nonwovens and membranes both have their own 
benefits, which are combined to enable membranes to work at their best in a given application. 
Nonwoven fabrics are typically used as a secondary support to provide mechanical strength to 
comparatively poor membranes [7]. The most important aspect of nonwoven cloth is 
manufactured directly from fibers in a continuous production line. When producing nonwovens, 
certain traditional textile activities, such as carding, painting, roving, spinning, weaving, or 
knitting, are partly or entirely removed. For this cause, the option of fiber is very critical for non-
woven manufacturers. The widely used fabrics contain natural fibers (cotton, jute, flax, wool), 
synthetic fibers (PES), polypropylene (PP), polyamide, radius, unique fibers like as glass, 
carbon, nanofiber, bi-component, superabsorbent fibers. Cheaper raw materials have not only 
brought major changes to the product, but have also enriched the demand that we need[8]. 
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2.2 Spun bond 
Spun bonding method is used for man-made filament fibers which melt under heat, such as 
polyester. Spun bond fabrics are produced by depositing extruded, spun filaments onto a 
collection of belts in a uniform random manner followed by bonding the fibers. Spun-bond 
fabrics are characterized by tensile, tear, burst strengths, elongation-to-break, thickness, porosity 
and the stability to heat and chemicals. Spun bond products are used in carpet 
backing, geotextiles, and disposable medical/hygiene products also. Since the fabric production 
is combined with fiber production, the process is generally more economical than when using 
staple fiber to make nonwoven fabrics [9]. In our experiment we used spun bond Polyethene 
terephthalate(spunbond) as a layer of our membrane. 
2.3. Adhesive web (copolyester) 
Adhesive(copolyester) web is a thin layer sheet of polymer dispersion adhesive is a white 
colored mixture that is based on polyester. Widely recognized as one of the most efficient ways 
of bonding purpose like as woods, sheet [10]. These are high-performance hot-melt adhesives. 
Polyesters are usually divided into amorphous, weakly crystalline and highly crystalline grades. 
The advantages of use are in particular a good price-performance[11]. These adhesive webs we 
used for making thermal bonding between the supportive layer nonwoven and nanofiber 
 
2.4 Electrospinning 
2.4.1. Needle Electrospinning 
The fundamental theory of fiber forming in this phase is the "electrostatic force" of charges. As 
high voltage is applied to the device, the pump forces the solution out of the needle due to the 
surface tension of the solution. When the solvent comes at the tip of the needle, the opposite 
loaded collector is positioned. The aim of which is to collect the expelled fibers. As the solution 
is supplied with high voltage, the solution emerges from resolving the surface tension and forms 
a cone like a structure called "Taylor Cone" (drop like structure at the tip of the needle) as shown 
in Figure 1 [12]. 
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Electrospinning technique is a novel method in which electrostatic forces are used to 
manufacture extremely fine fibers from polymeric solution or melt solution and the fibers have 
developed a thinner nanometer diameter and a high surface-to-volume ratio. The critical 
parameter for generating electrospinning is DC electrospinning voltage and is within a range of 
several tens of kilovolts. This technology is very similar to electrostatic precipitates and pesticide 
sprayers, the basic idea is that high electrostatic repulsive forces overpower the weaker surface 
tension of the charged polymer solution. The solution used for the electrospinning phase must 
bear an electrical charge and have adequate viscosity so that it can be extended without splitting 
into small drops at the tip of the needle [11]. There are currently two primary electrospinning 
configurations vertical and horizontal. The setup of the electrospinning device consists of three 
key components as follows. 
1. High voltage power supply 
2. A spinner ate 















2.4.2. Material parameters of Electrospinning 
 2.4.2.1 Concentration of Solution 
The size and shape of the produced fibers are directly proportional to the solution concentration. 
It is primarily focused on three parts: when the concentration is extremely low, when the 
concentration is extremely high, the viscosity is low and the surface tension is high, electrospray 
occurs. Smooth nanofibers are generated when the solution concentration is appropriate, but 
helical curved ribbon-like structures are found when the concentration is too high [14]. The flow 
rate of the solution through the spinnerets is also affected by the concentration of the solution; if 
the concentration is less than, the solution breaks into small droplets before reaching the 
collector, and this small breaking generates the beads. When we raise the concentration of the 
solution, beadles fibers form due to correct flow of the solution, but when we exceed this limit, 
the flow rate of the solution is affected, the solution is dried at the tip of the needle, and the flow 
is blocked. Scientists discovered that the link between fiber diameter and concentration is a 
power law relationship, with diameter of the fiber increasing as concentration increases in gelatin 
electrospinning. The solution's viscosity and surface tension also determine the concentration 
range, which aids in obtaining a continuous fiber range. In Figure 2, the arrow indicates the 
increasing concentrations [15].  
Figure 2: SEM images of fibers with increasing concentration [15]. 
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2.4.2.2 Molecular weight  
The molecular weight of any solution for electrospinning is not always important for the 
spinning of the fibers if the intermolecular forces of interaction given by the oligomers is 
sufficient. The solution viscosity is affected by the molecular weight of the polymer; if the 
solution concentration remains constant and the molecular weight of the polymers is reduced, 
beads form; when the molecular weight is increased, proper fibers form; and when the molecular 
weight is increased again, a ribbon-like structure form. In the Figure 3-a the molecular weight is 
relatively high and beads form, on the other hand the Figure 3-d has optimum molecular weight 
and viscosity which result is proper nanofiber [16]. 
 
Figure 3: Change the shape of droplet with viscosity [15].  
 
2.4.2.3 Surface tension 
The force imposed on the plane of the surface per unit length is defined as the surface tension of 
the solution. The applied voltage in the electrospinning process should be high enough to 
overcome surface tension and allow the spinning solution to create nanofibers. Varied solutions 
have different surface tension values, and by keeping the solution concentration constant and 
lowering the surface tension, beaded fibers can be transformed into smooth fibers. Surface 
tension is a feature of the solution's solvent that affects the electrospinning process by lowering 
the surface tension of the solution, we can create fibers without beads. In general, the high 
surface tension of the solution impedes the electrospinning process due to jet instabilities and 
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droplet spreading. The solution's surface tension governs the development of beads, droplets, and 
threads [16].  
2.5. Process parameter of Electrospinning  
2.5.1 Voltage  
The applied voltage is a crucial parameter in the electrospinning process. Jet ejection through the 
Taylor cone is only feasible when the applied voltage exceeds the threshold voltage. There are 
various inconsistencies about the effect of applied voltage on fiber diameter. According to some 
scientists, the applied voltage has no effect on fiber diameter in polyethylene oxide 
electrospinning. In the case of polyvinyl alcohol, scientists claimed that high voltage causes large 
diameter fibers to form. However, another group discovered that high voltage causes an increase 
in electrostatic repulsive force, resulting in narrow diameter fibers to form, while others claimed 
that bead formation occurs at high voltage [15], [17]. When we increase the voltage above the 
critical value, bead formation occurs, as does the diameter of the fiber, resulting in a reduction in 
the size of the Taylor cone at the end of the needle and an increase in jet velocity for the same 
flow rate [5]. In the Figure 4-f the optimum voltage is applied, if the voltage is not optimum the 
Taylor cone will create bead. Many research publications showed that the higher the applied 
voltage, the more stretching in the solution and the formation of thin fibers. If a low viscosity 
solution is utilized with a higher applied voltage, secondary jets and thin fiber diameter are 
formed; at a high voltage rate, the stretching of the solution droplets increases, which may result 
in greater acceleration towards the collector reason is high potential difference [15], [16] [17].  
 




2.5.2. Solution flow rate  
Another critical parameter is the solution flow rate, which influences the velocity of the jet and 
the material transfer rate. A lower floor rate is beneficial for the electrospinning process because 
it allows for more time for the solvent to evaporate. In the study of polyester, the diameter of the 
fiber grows with decreasing flow rate, and the morphological structure also changes slightly by 
changing the flow rate of the solution, and high flow rate gives the bead due to insufficient 
drying time. To generate uniform and beadles’ fibers, we must employ a critical flow rate for the 
polymer solution, which changes according on the polymer solution. A. Haider and S. 
Haider[15] mentioned that if the flow rate increases, a ribbon-like structure and unspun droplets 
appear. This is due to reduced stretching of the solution and no evaporation of the solvent in the 
time between the needle and the collector. 
2.5.3 Tip to collector distance 
The distance between the tip and the collector influences the route of the jet and the time 
necessary to travel before resting on the collection. At constant voltage, electric field intensity is 
inversely proportional to electric field strength. If the voltage remains constant while the distance 
changes, the properties of the fiber are quite similar to those of altering the voltage while 
maintaining a constant distance. As the distance grows, the fiber diameter decreases first, then 
increases due to a lowering of the electric field strength [17]. If the distance between the tip and 
the collector is too short, the fiber will not have enough time to dry before reaching the collector, 
and if the distance is too long, bead formation will occur; hence, the ideal distance is essential to 
ensure smooth fiber formation, in the Figure 5, the standard distance from tip to collector must 










Membrane separates into two phases and stop penetrate several types of chemicals, solutes, 
proteins, viruses, and bacteria. In order to classification of membrane are homogenous,  
heterogeneous and symmetric or asymmetric  in physical structure [18]. 
The efficiency of membrane is depending on membrane itself as well as conventional methods. 
The procedure of separation is very straight forward. Membrane performs double duty for 
separation. One is a semi permeable layer between two layers and the other is transportation 
between two phases. Membrane absorbs liquid and allows to pass liquid and catch the particles. 
The procedure is normally carried out under atmospheric conditions. Membrane separation 
methods are an effective, and beneficial approach for oil-water separation. Membrane 
manufacturing is one of the most advanced technology used in the food processing, chemical and 
fuel cell industries for the isolation of oil-water, waste water or emulsion [19]. 
3.1. Membrane Technology  
A membrane is a layer that divides two phases and selectively restricts the transport of certain 
chemicals. Membranes may be homogeneous, heterogeneous, symmetric or asymmetric in form, 
solid or liquid, and have a positive or negative charge, as well as be neutral or bipolar[18]. 
The effectiveness of membrane separation is largely based on the membrane itself, and it is more 
effective than traditional approaches. 
The separation procedure is simple. The membrane has a dual purpose in terms of isolation. The 
first is to act as a semi-permeable barrier for two phases, and the second is to transport two 
phases. The filter essentially traps dissolved solids or other particles in the emulsion and allows 
water to pass through the membrane [19]. 
In most cases, the procedure is carried out under normal ambient conditions. Membrane 
separation processes are an effective, reliable, and beneficial approach for oil-water separation. 
Membrane technology is one of the most efficient technologies for separating oil-water 
emulsions, which are widely used in the dairy, medicinal, desalination, and fuel cell industries. 
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Membrane separation has a higher performance, consistent effluent content, and lower energy 
consumption as compared to chemical and other therapies. Membrane technology is the most 
effective way to isolate particles wastewater for the reasons mentioned above [21]. 
Microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) are 
pressure-driven membrane processes. Generally, the processes are almost similar. The main 
difference between them is membranes pore size as shown in the Figure 6 [19], [22]. 
The thickness of the membrane can vary as small as 10 microns to a few hundred micrometers, 











    Figure 6: Filtration type depending on pore size [22]. 
In microfiltration (MF) and ultrafiltration (UF), the basic mechanism is the sieving mechanism 
which is the rejection of molecules whose size is greater than pores[23]. Sieving mechanism is 
very easy to easy way to permeate the liquid. If diameter of particle is higher than the filter that 
will catch by surface of filter [24]. Figure 7 indicates the process of membrane separation. 
In electrostatic process, membrane will charge when they are touch into the water. Polymer 
membranes that which are negatively charged are usually above pH 4-6, and those that are 
positively charged below are than pH. The membrane charge influences membrane performance 
when low cut-off membranes are used at low salt concentrations. The flux is also affected by the 
charge on the membrane. When electrostatic repulsive forces are present, both flux and retention 
are expected to improve. When electrostatic repulsion is greater at pH 7 than at pH 5,5, fouling is 
somewhat less. When cationic and anionic additives are used, a highly charged membrane may 
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be fouled rather than a less charged membrane. Cationic polymeric retention aids can bind to the 
negatively charged membrane's surface and induce fouling. Salt, pH, macromolecules, and small 
particles in the 1 nm to 1 μm range influence the rate of precipitation and fouling. The 
equilibrium of the water can be increased by softening it and changing the pH [25], [26]. 
Because of coagulation and flocculation process, colloids are removed from waters. It has an 
effects on colloidal stability. Sometimes it can improves the efficiency of the filtration process 

















                              Figure 7: membrane separation process [19]. 
The membrane is a thin interface that moderates chemical species' permeation as they come into 
contact with it. The interface can be chemically or mechanically heterogeneous, or it can be 
entirely uniform in composition and structure, or we can call it molecularly homogeneous. It can, 
for example, contain holes or pores with observable dimensions or be made up of a layered 




3.1.1 Types of membrane 
3.1.1.1 Isotropic membrane 
• Microporous membrane 
• non-porous membranes 
• Electrically Charged membrane: 
3.1.1.2 Microporous membrane 
In terms of structure and function, the microporous membrane is very similar to the traditional 
filter. The pore distribution is random, strongly voided, entangled and has a rigid structure. The 
explanation for the discrepancy between the pores and the traditional filter is exceedingly small 
and the diameter is 0.01–10 μm. The rejected particles of the membrane are all particles greater 
than the largest pores. Partially rejected particles are smaller than the larger pores, but larger than 
the smaller pores. The particles that move across the membrane are much smaller than the 
smallest pores. Therefore, the isolation of solutes by microporous membranes relies primarily on 
the distribution of molecular size and pore size. Generally, by microporous membranes, only 
molecules which vary considerably in size can be effectively separated by ultrafiltration and 
microfiltration [20]. 
S. Ripper and G. Schultz were used polyester as a microporous membrane in biotechnical 
industry in filtration and porosity of these membranes is much lower than that of polymeric 
membranes, but its thermal stability allows them to be used also at the high temperatures [29]. 
Microfiltration Membrane is known as pressure-driven separation process, which is widely 
applied in concentrating, purifying, or separating macromolecules which are suspended particles 
in the solution. MF must be operated by membrane. MF membranes typically have micro pore 
sizes 0.1 μm lower to 10 μm. MF processing is popular by using in food industry for applications 
such as wine, juice and for waste-water treatment , and the separation of plasma from blood for 
therapeutic and commercial uses too. Dissolved pollutants are not removed by MF. A variety of 
water treatment applications include microfiltration water treatment for drinking water is a 




3.1.1.3. Dense, non-porous membranes  
This type of membrane consists of a thick film in which the permeants are transferred through 
diffusion under the driving force of a strain, concentration, or electrical potential gradient. The 
isolation of the different components of the mixture is directly related to their relative transport 
rates within the membrane, which are determined by their diffusivity and solubility in the 
membrane substance. Thus, this type of membrane can isolate similar size permeants if their 
concentrations in the membrane material (i.e. their solubility) are substantially different. Dense 
membranes have the downside of low flux unless they can be rendered incredibly thin. For this 
function, dense membrane properties are integrated into the upper "skin" layers of asymmetric 
membranes [30]. 
3.1.1.4. Electrically Charged membrane 
This type of membrane is often referred to as an ion-exchange membrane. They can be thick or 
microporous, but primarily are very finely microporous, with pore walls holding which positive 
or negatively charged ions. A membrane fixed with positively charged ions is name an anion-
exchange membrane because it binds anions (negatively charged ions) to the surrounding fluid. 
The opposite is true of the cation-exchange membrane. Separation is primarily accomplished by 
excluding ions with the same charge as fixed ions on the membrane structure which is caused by 
the charge and concentration of ions in the solution. This form of membrane is used for 
electrolyte solutions in electrodialysis [30]. 
3.1.1.5. Anisotropic Membrane 
A traditional anisotropic membrane has a very densely finely structured surface support on an 
open porous structure that is much thicker. The rate of transport of the organisms across the 
membrane depends on the thickness and is inversely proportional to the thickness of the 
membrane. In membrane separation processes, high transport rates are needed for economic 
reasons. The membrane should then be as small as possible. The production of mechanically 
solid, defect-free films in traditional film production technology is restricted to approximately 20 
μm thickness.  
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Creation of new membrane processing methods to produce anisotropic membrane structures. 
Anisotropic membranes are composed of an incredibly thin surface layer and a much thicker, 
porous support. The surface layer and its substructure can be formed in a single process or 
separately. One of the special quality of this membrane is high flux and it’s possible to use in 
commercial purpose [31]. 
3.1.1.6. Ceramic, Metal, and liquid Membranes 
This membrane is become popular in last few years. Ceramic and special microporous membrane 
are typically used for microfiltration and ultra-filtration where they are solution resist and 
stabilize in thermally. Gas mixer and dene metal are typically example of separation of metal 
membrane. In addition, transport porous and supported liquid are developed [20], [31]. 
Seung-Jin and Mehmet Dilvar [32] used ceramic membrane and polymeric membrane in 
filtration experiments, there they got The fouling created by ceramic membrane  which was 
initially characterized by a pore blocking mechanism, that was converted to a cake filtration 
mechanism later in the filtration process.  
                                              
                                                     Figure 8: Types of membranes [20]. 
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Under the conditions tested in this analysis, cake resistance was the most prevalent type of total 
resistance for ceramic membranes, though it is possible to remove by physical cleaning it’s not a 
durable process for filtration. 
4. Filtration process/method 
Two different approaches are categorized into the membrane filtration process: dead-end and 
crossflow filtration. In dead-end filtration (in Figure 9 right side), feed solutions are applied 
perpendicular to the membrane surface, while in cross-flow filtration feed solutions are applied 
horizontally (in Figure 9 left side) to the membrane surface In the dead-end filtration process, 
membranes appear to exhibit the fouling effect in particular because of aggregation on the 
membrane surface. The fouling impact eventually wraps up with a filtration pause. The 
crossflow filtration system has decreased fouling as much as possible and improved efficiency 








                                           Figure 9: Different filtration methods [33]. 
Many gas isolation, pervaporation, and reverse osmosis processes use thick membrane to isolate. 
 




5. Nanofibers in Membrane Technology 
Due to its ability to fabricate nanostructures with special properties such as a high surface area 
and porosity, electrospinning has been developed as one of the most effective techniques for the 
fabrication of polymeric nanofibers. Nanofiber fabrication and implementation was influenced 
by the method and operational parameters in a variety of areas, including sensors, tissue 
engineering, wound dressing, protective clothing, filtration, desalination, and distillation [22]. 
Polymeric fiber for example polyester,  polyvinylidene fluoride etc. synthetic polymeric fiber can 
used to prepare microfilter membrane, but the most important is membrane need have capacity to 
absorb the liquid unlike hydrophobic or oilphobic. But main disadvantage of nanofiber 
membrane is not so durable and it’s a challenge to make recycle foe long time [34]. Table 1 
shows the prepared nanofiber membranes and their filtration process. 
Table 1: Types of nanofibers and filtration process. 
Type of nanofiber Type of filtration/foulant Reference(s) 
PVDF, PAN, PA6 
and PUR. 
Preparation of Nanofibrous 
Membranes for 
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5.1. Nanofibers as Microfilter 
Nanofibers are fibers with small diameters in the nanometer range. Nanofibers can be generated 
from several polymers and hence have different physical and thermal properties and application 
potentials. It is possible to produce polymer from polyamide, polyvinylidene fluoride (PVDF) 
,polyacrylonitrile (PAN) and chitason and collagen etc. [38]. 
At the beginning of the last decade electrospinning nanofiber has become more famous in 
microfiltration. PVDF is one of the earliest experiments as a microfilter. This membrane was 
successful almost 90% success on filtration purpose.   
Nanofiber membrane (NFM) high pore size and simple production method. Due to mechanical 
property NFM is not so sustainable but it has good application. In addition, flux performance is 
also great in NFM. The porosity of membrane and fiber diameter have a tremendous impact on 
the pore size, while thickness is almost constant [35]. 
The mechanical weakness of nanofibers restricts their application in water domain area. For this 
reason, it is necessary to improve their mechanical strength. Next sub-title we prepared the 
various method to improve nanofiber strength with their advantages and disadvantages. 
5.2. Improving strength of Nanofiber membrane 
There are several techniques to strength nanofiber membrane. For instance, blend polymer is one 
of the most popular for its low price but there are very small amount polymer is available to do 
the procedure[39], [40]. One another method is by using epoxy composite. In this method 
electrospinning need to laid down on epoxy agent and it is necessary to keep that condition 
around 16 hours [13]. Charles et al. [41] used a dip coating technique to increase the mechanical 
efficiency of nanofibers. They described the mechanical properties of a composite system 
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consisting of hydroxyapatite (HA)-coated poly (L-lactic acid) (PLLA) fibers in a poly(-
caprolactone) (PCL) matrix. A biomimetic process was used to coat the HA fibers and a dip-
coating technique was used to apply PCL to the coated fibers. The composite was shaped into a 
bar using low temperature compression molding. The downside to this strategy is that it is a 
time-and a time-and chemical-consuming method [42]. Them thermal lamination is most popular 
effective system as it is saving energy with high production capacity and low cost as well. Here, 
two layers are used to laminate with each other by using an adhesive web (layer of co. polymer 
around 12 GSM) [42]. A bi-component spunbond polyethylene (PE)/polypropylene (PP) was 
used by Jiricek and Yalcinkaya et al. [42] as a supporting layer for nanofiber layers. For the 
lamination process, a fusing system was used. Due to the low melting point of PE, it binds to the 
outer surface of the bi-component. Micro and nanofilters were used with the resulting multilayer 
nanofibrous membranes. The supportive material and the stiffness of the nanofibers impact the 
permeability of the multilayer materials to water and air [4], [43]. Yoon et al. laminated by an 
adhesive web, nanofibers with different polyurethane (PUR) fiber densities on various textile 
surfaces. The findings revealed that the different configurations of the multilayer nanofibrous 
membrane structure had a major effect on the textile surfaces' degrees of breathability and 
waterproof effect [44]. 
5.3. Nanofiber industrial for water treatment. 
There were plenty of research was held by scientist in before to develop nanofiber membrane. 
Among of them Liquidity Filter is developed by Massachusetts Institute of Technology (MIT), 
for bacterial filtration around 0.2 micrometer, they worked with PAN. Though PAN was capable 
to remove protozoan cyst containing dies, which is useful for developing countries. Water purify 
Technologies Inc. also provides nanofiber filtration products, including a stock of nanofiber 
filtration systems co-developed by NASA. Though the association with a space agency may be 
deemed as a marketing tool, it demonstrated the applications of water filtration Electrospinning 
nanofiber membrane (ENMs) technology is out of this world. These are examples of current 
market technologies using ENMs systems. 
Nanopareil, formerly known as nanofiber separations, manufactures random electrospun 
nanofiber membrane mats that sell the scale and adsorption properties of these materials and 
supply them to the water purification and desalination industries. Toyobo, a Japan-based firm, 
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also has its own proprietary HOLLOSEP nanofiber filtration membrane that operates under the 
principles of reverse osmosis. The electrospun fibers consist mostly of cellulose triacetate, are 
able to withstand high chlorine concentrations in water to avoid biofouling and have been used 
effectively on a wide scale both in Japan and in the global desalination industry. 
One more example is the start-up technology creation company GABAE Industries, which is also 
exploring nanofiber technology for filtration purposes through electrospinning in order to remain 
on the top-of-the-line technology market for its customers and the ever-important filtration 
industry-not only for water, but also for air filtration. Water recycling from the air using 
nanofibers is also feasible, as it has been demonstrated that a system made from ENMs will 
condense the moisture in the air into drinking water[45]. 
5.4. Filtration Process of Nanofiber Membranes 
High permeability is related to resistance. Permeability is defined as the term permeability 
coefficient, which is directly proportional to fluid flow rate, filter medium, fluid viscosity and 
thickness and vice versa to fluid density[46]. 
 Filtration permeability influence by several means 
1.Filter size 
2.filter temperature  
3.filtration time 
5.4.1. Filtration permeability 
In industrial operations, cake filtering is widely used to remove particulate materials from fluids. 
The formation of a filter cake is frequently followed by a reduction in the filter's overall 
permeability, resulting in an increased pressure drop across the filter medium. A linear pressure 
drop profile is expected over time for an incompressible filter cake that builds up on a 
homogenous filter fabric (surface filtration mode). However, curved pressure drop profiles have 
been observed in several trials. Cake compression and/or depth filtering are commonly attributed 
to pressure decrease profiles with increasing slope. Pressure drop profiles with decreasing slopes 
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may only be attributed to filter inhomogeneities. Filter cake patches and/or an inhomogeneous 
filter cloth can cause such inhomogeneities [50].  
6. Aim of thesis 
Save water save life is the demand of forth industrial revolution. But this process is neither easy 
nor cheap. Due to this reason, the third our country namely Bangladesh are destroying water 
sources and environment. But if we can do proper use of membrane technology in industrial 
purpose for water filtration then environment will exempt from this curse. In developed countries 
the membrane technologies are used and vast for water filtration. 
The market of demand is high due to high efficiency and high permeability, high particle 
rejection and mechanical strength as well. Talking account all of these qualities we choose this 
thesis filtration by nanofiber membrane.  
There are several advantages of using membrane 
A) As membrane has good adsorption capacity so, membrane of nanofiber plays an important 
rule to pass water or liquid. 
B) High porous as well as narrow pore size of nanofibers allow good permeability. 
C) according to previous studies easy to modify the surface. 
D)  variety polymeric solution can use to prepare of nanofiber to get precious results. 
E) After all, higher filtration efficiency is most important to work with nanofiber filter. 
Based on the above quality, we have selected various nanofiber. The selection of nanofiber was 
based on previous studies, availability, low cost, specific fiber densities (g/m2-gsm). PA-6, 
PVDF and PAN are the prime study material of our thesis. 
To sum up, our objective was developed the mechanical strength and get best membrane for 
water permeability and know about optimum temperature for lamination process and select 
highly efficient membrane for rejection micro particles. Herein, we tried to determine effect of 
lamination conditions and each component of hybrid layers on the membrane performance. 
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7. Materials and Methods 
Nanofibers at various g/m2 (GSM) have been taken from Institute for Nanomaterials, Advanced 
Technology and Innovation, TUL. Nanofibers were laminated using an adhesive web and 
supporting layer at various condition to form hybrid membrane structure. Table2, 3, and 4 
indicates the each polymeric nanofiber and their GSM, type of adhesive, type of supporting layer 
and, abbreviation of membranes and we use 30 KN pressure for 2 minutes and 50 KN for 1 
minutes for each and every sample. The reason is to slowly fixing the lamination process without 
damaging the nanofiber layer. 



















Polyamide 6 1.0 110 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 
minute 50 KN pressure with 1100 
C temperature. 
PA6-1A-110 
Polyamide 6 1.0 125 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 
minute 50 KN pressure with 1250 
C temperature. 
PA6-1A-125 
Polyamide 6 1.0 135 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 
minute 50 KN pressure with 1350 
C temperature. 
PA6-1A-135 
Polyamide 6 1.5 110 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 
minute 50 KN pressure with 1100 
C temperature. 
PA6-1.5A-110 
Polyamide 6 1.5 125 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 
minute 50 KN pressure with 1250 
C temperature. 
PA6-1.5A-125 
Polyamide 6 1.5 135 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 
minute 50 KN pressure with 1350 
C temperature. 
PA6-1.5A-135 
Polyamide 6 2.0 110 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 
minute 50 KN pressure with 1100 
C temperature. 
PA6-2A-110 
Polyamide 6 2.0 125 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 
minute 50 KN pressure with 1250 
C temperature. 
PA6-2A-125 
Polyamide 6 2.0 135 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 
minute 50 KN pressure with 1350 
C temperature. 
PA6-2A-135 
Polyamide 6 3.0 110 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 
minute 50 KN pressure with 1100 
C temperature. 
PA6-3A-110 
Polyamide 6 3.0 125 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 







Table 3. Nanofiber membranes and their abbreviations for PVDF 
Type(s) of polymeric 
nanofiber 
GSM Temperature(0















1.0 110 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 





1.0 125 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 





1.0 135 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 





1.5 110 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 






1.5 125 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 






1.5 135 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 






2.0 110 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 





2.0 125 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 





2.0 135 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 





3.0 110 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 





3.0 125 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 





3.0 135 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 1 
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Polyacrylonitrile (PAN) 1.0 110 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 
1 minute 50 KN pressure with 
1100 C temperature. 
PAN-1A-110 
Polyacrylonitrile (PAN) 1.0 125 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 
1 minute 50 KN pressure with 
1250 C temperature. 
PAN-1A-125 
Polyacrylonitrile (PAN) 1.0 135 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 
1 minute 50 KN pressure with 
1350 C temperature. 
PAN-1A-135 
Polyacrylonitrile (PAN) 1.5 110 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 
1 minute 50 KN pressure with 
1100 C temperature. 
PAN-1.5A-110 
Polyacrylonitrile (PAN) 1.5 125 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 
1 minute 50 KN pressure with 
1250 C temperature. 
PAN-1.5A-125 
Polyacrylonitrile (PAN) 1.5 135 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 
1 minute 50 KN pressure with 
1350 C temperature. 
PAN-1.5A-135 
Polyacrylonitrile (PAN) 2.0 110 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 
1 minute 50 KN pressure with 
1100 C temperature. 
PAN-2A-110 
Polyacrylonitrile (PAN) 2.0 125 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 
1 minute 50 KN pressure with 
1250 C temperature. 
PAN-2A-125 
Polyacrylonitrile (PAN) 2.0 135 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 
1 minute 50 KN pressure with 
1350 C temperature. 
PAN-2A-135 
Polyacrylonitrile (PAN) 3.0 110 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 
1 minute 50 KN pressure with 
1100 C temperature. 
PAN-3A-110 
Polyacrylonitrile (PAN) 3.0 125 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 
1 minute 50 KN pressure with 
1250 C temperature. 
PAN-3A-125 
Polyacrylonitrile (PAN) 3.0 135 Copolyamide 120gsm PET 2 minutes 30 KN pressure and 
1 minute 50 KN pressure with 




Nylon 6 or Polyamide 6: Polyamide 6 or Nylon 6, is a semi-crystalline polyamide which has a 
chemical formula (C6H11NO)n. Polyamide-6 fiber has higher elasticity, luster properties , and 
tensile strength. 
They are highly resistant to abrasion and chemicals. Fibers can absorb up to 2.4% of water. But 
that decreases the tensile strength. The glass transection temperature (Tg) of polyamide 6 is 47 
°C. The melting point ™ of polyamide 6 is around 215 to 255 0 C [47]. The structural formula of 







Figure 10. Chemical structure of Polyamide6 [47]. 
 
Polyvinylidene fluoride (PVDF): PVDF is special polymer which is used in applications which 
requires  higher purity, resistance to solvents, and hydrocarbons. It is compatible with U.S. Food 
and Drug Administration and non-toxic. Therefore, for food production it can be used in repeated 
contact. The glass transition temperature of PVDF is about -35 °C and it is often 50-60% 
crystalline. The melting point of PVDF is around 177-190 °C. It is not soluble in water. The 











PAN: The polyacrylonitrile (PAN) is (C3H3N)n and is a synthetic, semicrystalline organic 
polymer. Nearly PAN are resins copolymers, and they are made of monomers mixtures with 
acrylonitrile as the main monomer. This is thermoplastic polymer and higher melting point. It’s 
melting point above 300 °C. The chemical structural formula of PAN is shown in Figure 12. The 






                          Figure 12. The chemical structure of polyacrylonitrile (PAN) [49]. 
 
 
7.1 Lamination of Nano fiber web 
In order to prepare Nanofibrous multilayer membrane(s) we cut nanofiber(s) (A4 size (210*297 
mm2) then 120 g/m2 Polyethylene terephthalate(s) (PET) and adhesive web(s) (12g/m2) were 
used supporting layer. In the Heat-press machine (which is used to lamination samples) in Figure 
13 and 14there are two metallic plates (lower and upper) are used under pressure and nanofiber 
was kept in upper and adhesive web were kept in middle and spun bond nonwoven were kept 
down. Two silicon layers were used to protect direct contact between the multilayer nanofibrous 
membranes and the hot plates. By the hot upper and lower plate, the heat was applied 1100C and 
1250C and 1350C for different sample duration of three minutes and two pressures were applied 
30 KN in first two minute and 50 KN in rest one minute. For every temperature PVDF, PA6 and 
PAN nanofibers were used where PET and adhesive webs were fixed. The resultant multilayer 
nanofibrous membranes were name after the name of nanofiber area of nanofiber and 
temperature respectively, namely PVDF-1A-110, PA6-2A-125 and PAN-1.5A-135 (Table 2-5). 
For instance, PVDF-1A-110 stands for PVDF nanofiber which area is 1 gram per sq. meter and 
it’s prepared by 1100C temperature. As our pressure was fixed same in every sample, we did not 
















































Figure 14.  3D Picture of Multilayer Membrane. 
Based on the selectivity and water permeability results, selected nanofiber layer was laminated 
with different adhesive webs and supporting layer to observe the effect of adhesive web and 
supporting layer on nanofibrous membranes. These membranes are written in Tables 2, 3, and 4 





7.2 Pore Size measurement 
 
First, 7 cm2 Sample was cut from nanofibrous membrane by cutter machine, then the sample 
was wet by GALDFILL liquid for about one minute. To, run Wirex machine first we on the 
airflow. After that, The Wirex software was connected to the computer and on the airflow 
pressure. 
Next, the sample was kept on the sample holder and covers. Then we fixed the pore size 5.0 μm 
larger to small 0.2 μm and the pressure was 0.128 bar minimum to 3.2 bar maximum. Following 
that, we set the sample from wet to dry measurement. Finally, we run the device and got the 
maximum, minimum, and mean pore size values at least from 3 measurement of each sample. 
We collected the data and save them in an excel file.  
             
7.3 Water flux Testing 
 
An amicon stirring cell was used for the filtration test as shown in Figure 15.  First, we cut a 
sample circular shape approx. 14 cm2 and placed it to filtration device and close it. Then, fill the 
device with 40 ml of water and kept a test tube to measure the water. There is a tube of a device 
which is connected to the test tube to pass the water. The applied pressure was approximately 
0.02 bar. After that, when water starts to drop into the test tube immediately stopwatch was 





















  Figure 15. Water flux testing machine. 
 










  (2) 
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where V is the total volume of the permeate (L), A is the active membrane area (m2), t is the 
filtration time (hours) and p is the transmembrane pressure (bar). 
7.4 Turbidity test for determination % removal of the micro-particles. (NTU 
Measurement) 
 
We prepared a solution by polydispersed polystyrene particles (particle size about 0.503 μm) and 
mixed them into distilled water. Next, we took some solution on a test tube and vibrate the test 
tube with Ultrasonic Cleaner and put the test tube on Livobond Machine to measure the turbidity 
was approximately 134 NTU unit.  
 
After that, we used the filtration unit to fill solution 40 ml, and the filtration unit is connected 
with silent Master Machine to pass the air pressure and with a test tube to measure solution and 
time. By silent master m/c we apply 0.002 bar pressure and count the time by the top watch in 
5ml, 10 ml, 15 ml till 40 ml respectively. The solution came to the test tube we took and vibrate 
the solution by Ultrasonic cleaner. Again, we measure turbidity in NTU unit, and we get our 
desire result. Compare after and before NTU value we get our result (%) 





∗ 100   (3) 
where E is the particle separation efficiency (%), C1 is the NTU value of feed solution, C2 is the 
NTU value of permeate after separation. 
 
7.5 Air permeability test  
 
The digital air permeability tester (ATLAS 128 Air Permeability Tester (Rock Hill, SC, USA) 
set at 200 Pa and 20 cm2) precisely and swiftly determines the resistance of fabrics (woven, 
knitted, and non-woven textile materials) to the passage of air (airflow) under constant pre-set air 








                  Figure 16. Air permeability tester  
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First, open the switch to enable the airflow of the machine. Then, the specimen is kept to the test 
area of the instrument easily with help of a clamping lever, 20cm² test head attached with the 
instrument. Next, by pressing down the clamping arm to start the test, this is a powerful and 
muffled vacuum which is a pump that draws air through with a circular opening. As air pressure 
is selected by standard so after few seconds air permeability is displayed on the screen with the 
unit. Again, pressing down the clamp removes the sample from the test area. At least 3 
measurements were done for each sample. 
7.6 Stress strain measurement 
We took 3 portions of the fabric and measured stress and strain. The relationship between stress 
and stress can be represented by a material stress-strain curve. The load is gradually applied to a 
test coupon and deformation is measured to determine stress and strain. Taking into account a 
bar of the original sectional cross-section, F-pulling forces are equal to the opposite in order to 
stress the bar. The material has a stress defined as the force ratio and axial elongation of the 
transversal area of the bar.  
σ = F / 𝐴0……………equation 4 




∗ 100…………equation 5 
in the equation number 5, ϵ stands for ΔL is stress length and L is original length.  
For ductile materials there will be a lot of tension required to start movement. As long as the 
distortion escapes the pinning, the stress is less. Normally the curve decreases marginally after 
the yield point. The first phase is the elastic linear region. The stress is proportional to the strain, 
it is the general rule of Hooke, and the slope obeys Young modulus. The material is only 
subjected to elastic deformation in this area. At the end of the point, the plastic deformation 
starts. This point is known as high yield point. The second step is the hardening field of strain. 
This region starts from the moment that the pressure exceeds the yield point to the maximum at 
the final force point. The necking area is the third level. In addition to the strength of the friction, 
a neck develops when the local intersection is much smaller than the average. The fracture ends 
in this region. The elongation of percent can be measured after fracture.  
Apparently, the tensile properties of pristine nanofiber web increased enormously after 
lamination process. We investigated that all the tensile properties of the material is depends on 
the support layer used under nanofiber web. For this reason, all the mechanical strength results 
showed the same value due to the same nonwoven used. It was found that on machine direction 





8. Result and discussion 
8.1 pore size 
The pore size of the membranes has a significant impact on permeability and flux and sometimes 
on effectiveness. The mean of the sample pore diameters is depicted in Table 5, Table 6 and 
Table 7, Figure 17.1, Figure 18.1 and Figure 19.1, the diameters are displayed. The results 
indicated that the pore size of the membranes are not depends on the lamination temperature. 
However, the pore size is very much depending on the type of nanofiber material. For instance, 
PA6 nanofibers have the lowest pore size while PVDF nanofibers have the biggest pore size. The 
reason could be due to fiber diameter. Smaller fiber diameter results in smaller pore size for 
nanofiber membranes.  
8.2 Air permeability 
In general, lower GSM is thought to result in better permeability. The major goal of measuring 
air permeability is to see how well the lamination process works. If the lamination process isn't 
done correctly, the glue can cover all of the nanofibers' pores. As a result, an air permeability test 
was performed on each membrane several times. The lamination process did not block the pores 
of the nanofiber web, according to air permeability results. In the Table 5, Table 6 and Table 7 
and Figure 17.2, Figure 18.2 and Figure 19.2, we showed the air permeability PA6, PVDF and 
PAN respectively.  
When we compared to air permeability, again the lamination temperature did not affect so much. 
On the other hand, density of the material and the type of the material has huge role on air 
permeability. Low density materials have less compact structure which increase in air 
permeability. Moreover, larger pore size membranes (such as PVDF), has higher air permeability 
compared to others due to large pores. 
8.3. Water permeability 
Water permeability during filtration can be caused by several factors such as membrane 
selectivity, type of polymeric materials, hydrophilicity, surface morphology, charge of 
membranes, pore size, etc.. While the liquid flows across the membrane, the solute is maintained 
at a relatively high concentration by the membrane's surface. During filtering, the hydrophilicity 
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of the membrane is further diminished due to membrane fouling and concentration polarization. 
Another cause could be membrane pore constriction or collapse. As a result, the permeability is 
reduced. Operating parameters such as feed pressure, temperature, pH, flow rate, and so on are 
important contributors in membrane permeability. In our thesis water permeability plays an 
important role as selectivity to choose best samples. In the Tables 5, 6, and 7, with Figure 17.3, 
Figure 18.3, and Figure 19.3 it was showed the permeability capacity of samples. We have tested 
water permeability with 40 ml water for each sample. In this 40 ml we start with stopwatch to 
measure how fast water is passing through the every sample.  
Compared to all polymeric membranes, PA6 showed the highest water permeability than others. 
The PVDF showed very low or zero permeability. The reason is PA6 has hydrophilic structure 
while PVDF is hydrophobic. Moreover, the micron size particles might capture within the large 
pores of PVDF and cause the membrane fouling. 
8.4. Contact Angle  
Contact angle is a most important parameter of a sample, if the contact angle is high, it has 
possibility to less filtration capacity because of hydrophobic property. The surface roughness is 
related to the surface hydrophobicity. The surface of the web can be altered using heat and 
pressure. Furthermore, the adhesive web possesses hydrophilic properties that may affect the 
nanofiber web's surface. In our thesis we found most of the samples are hydrophilic after 
lamination, it might be due to adhesive web which is covering the nanofiber surface and reduce 
the hydrophilicity. However, PVDF for instance, some polymers are hydrophobic nature which 
can still affect the overall structure of hybrid membrane’s permeability. In the Table 5, Table 6, 
and Table 7, with Figure 17.4, Figure 18.4, and Figure 19.4 it was showed the data statistics 







In the table 5, we have added the pore size, air permeability and water permeability results of 
PA6 nanofiber Membranes 























14737.20 83.5±2.5  
PA6-2A-110 0.3622 
5.1 































9211.613 80.45±3.7  
PA6-2A-135 0.3590 
5.02 







Now we will the graph in column to compare the results pore size, air permeability, water 




                            Figure 17.1. Pore size diameter of PA6 samples. 
In the Figure 17.1 we can see that, pore diameter of all PA6 membrane is almost similar and no 
significant different among samples. 
 




























































Average Air permeability (l/m2/m)
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Air permeability is most important for separation micro-particles for air filters. In our case, we 
tested the air permeability for the lamination process. If there is almost zero permeability, it 
means adhesive is melt and cover all the pores. From the Figure 17.2 we can observe that, air 
permeability of samples is around 3.5 to 5.7 l/m2/min.  
 
Figure 17.3. Water permeability (flux). 
The Figure 17.3 illustrate that, PA6-1.5-110 is the best candidate to permeable water, taking into 
account other quality PA6-2A-110 and PA6-3A-110 are the better for water permeability test. 
 



































































The Figure 17.4 illustrates contact angle of PA6 samples, here we can see that PA6-2A-110 is 
the least result compared to other samples.  
To sum up, from the table 04 we can say that three samples namely PA6-1.5-110, PA6-2A-110 
and PA6-3A-110 are better candidate in narrow pore diameter, air permeability and water 
permeability test. 
In the table 6, we have added the pore size, air permeability and water permeability results of 
PVDF nanofiber Membranes 



































































0.6427 4.02 0 85.6±3.5 
 
 Now we will the graph in column to compare the results pore size, air permeability, water 
permeability and contact angel respectively and we will select the best membrane from them. 
 
 




































In the Figure 18.1 which is about pore size diameter of PVDF samples, we can see that almost all 
samples dimeter is similar but PVDF-1.5A-125 is much bigger compare to other samples. To 
select the better sample(s) we will observe other test like water permeability and contact angles 
etc. 
 
Figure 18.2. Air permeability of PVDF samples 
From the Figure 18.2 we can say, PVDF-1A-110, PVDF-1A-125 and PVDF-1A-135 this three 
samples are almost twice air permeability compare to other samples. The molten adhesive which 
is filling the pores can cause unstable air permeability results among the samples and within the 
same sample. 
 





















































PVDF Water permeability (L/m2.hr.Bar)
49 
 
In the Figure 18.3 we can say, the water permeability capacity is of those the samples namely 
PVDF-1A-110, PVDF-1A-125 and PVDF-1A-135 are the better than others samples, so we can 
say this three are better candidate from PVDF samples. However, overall result of PVDF showed 
these membranes has low performance compared to PA6 and PAN. 
 
Figure 18.4. Contact angle of PVDF samples 
In the Figure 18.4 illustrates, PVDF are hydrophilic because their contact angle in less than 90 
degree.  Normally PVDF is hydrophobic, due to adhesive web, membrane shows hydrophilic 








































PAN Nanofiber Membranes 

























4.8 3360.59 84.3±3.5  
PAN-2A-110 0.370933333
3 
5.5 4368.83 75.5±3.4  
PAN-3A-110 0.4611 1.98 3136.140 78.5±4.2  
PAN-1A-125 0.637933333
3 





0.5118 5.98 6030.06 80.5±4.2  
PAN-2A-125 0.422466666
7 
6.56 6441.14 82±3.6  
PAN-3A-125 0.4667 6.36 3978.15 84.5±2.5  





5.55 5667.98 83.5±4.2  




PAN-3A-135 0.4498 3.98 4148.69 80.5±5.4 
 
Now we will the graph in column to compare the results pore size, air permeability, water 
permeability and contact angel respectively and we will select the best membrane from them. 
 
Figure 19.1. pore size measurement of PAN samples 
From the date of figure 19.1 we can illustrate that, pore diameter of PAN-2A-110 is almost half 
compare with PAN-1A-135. There might be some droplets or holes on the membrane surface. It 
is difficult to produce defect free nanofibers.  We cannot determine any sample from the pore 











































Figure 19.2. Air permeability of PAN samples. 
The Figure 19.2 indicates, the air permeability of PAN-1A-125, PAN-1.5A-125 and PAN-2A-
125 are more air permeable compared to other samples.  
 
Figure 19.3. water permeability test results of PAN samples. 
We can see on figure 19.3 on the base of water permeability PAN-1A-125, PAN-1.5A-125 and 




































































Figure 19.4. Contact angle results of PAN samples. 
From the Figure 19.4 which is expressed the contact angle of PAN samples PAN-1A-125, PAN-
1.5A-125 and PAN-2A-125 individually shows the less contact angle we can say they are 
hydrophilic.  
8.5 Turbidity test (% removal of the micro-particles) 
Turbidity refers to the amount of light that passes through a liquid sample. The amount of 
particles in suspension and their mean size are closely connected to the turbidity of slurries. It's a 
low-cost, easy method for detecting particles in suspension, and it's frequently used to quantify 
nucleation kinetics and metastable zone width. In the Technobis Crystal16 instrument, turbidity 
has also been used to test solubility (Simone and Nagy, 2015). Although not as exact as other 
measures, the level of turbidity can provide an indicator of the mean size and solid concentration 
of suspended particles [37]. Table 8, 9 and 10 show the % removal of particles from feed 
solution. 
We have measured all samples turbidity (% removal of the micro-particles) which we have 

































Table 8. Percentage of removal of micro particles of PA6 samples. 





















































% removal of microparticles 
56 
 
In the Figure 20 we can say, PA6-1.5A-110, PA6-2A-110 and PA6-3A-110 has better filtration 
capacity among the PA6 samples. These three samples individually 99 percentage effective in 
micro particle filtration due to their low pore size. 
 
We will see the capacity of separation micro particles of PVDF samples, here provided table 
with graph of filtration capacity percentage.  
Table 09. percentage of Removal of micro particles of PVDF samples. 

















Figure 21. percentage of Removal of micro particles separation of PVDF samples. 
In the Figure 21 illustrates, the percentage of Removal of micro particles of PVDF-1A-110, 
PVDF-1A-125 and PVDF-1A-135 these three samples are better candidate because their 
filtration capacity is better compared to other samples. However, when we compared to PA6, 
PVDF has very low particle separation. The main reason is their big pore size. 
We will see the capacity of separation micro particles of PAN samples, here provided table with 
graph of filtration capacity percentage.  
Table 10. percentage of Removal of micro particles of PAN samples  






































































































Figure 22. Percentage of removal micro particles 
In the Figure 22demonstrates, PAN-1A-125, PAN-1.5A-125 and PAN-2A-125 this samples 
individually shows the capacity above 90 percentage filtration capacity to filter micro particles. 
However, the separation efficiency performance was not as good as PA6 membranes. 
 
To sum up, from the 36 samples, we have selected 3 samples individually from polyamide 6, 
PVDF and PAN. 
In the basis of water permeability, air permeability and contact angle and capacity of filtration of 
micro-particles we have selected PA6-1.5A-110, PA6-2A-110 and PA6-3A-110, PVDF-1A-110, 
PVDF-1A-125 and PVDF-1A-135 and PAN-1A-125, PAN-1.5A-125 and PAN-2A-125 these 





































8.6 Selected Membranes 
 We have performed several tests in term of performance about water permeability and micro 
particle separation we have selected some samples which we wrote on Table 11 below,  
Table 11: Selected best candidate for filtration medium 
Name of Selected 
samples 


















Figure 23. Filtration capacity of Selected candidate for filtration medium 
Compare water permeability and filtration capacity with commercial membrane 
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We have compared our samples with some commercial membrane namely Fisherbrand, three 
category samples 1. Cellulose acetated pore size diameter 0.45 µm and thickness 47 mm.  
 2. Membrane filter nylon, pore size diameter 0.45 µm and thickness 47mm and 3. Membrane 
filter PES, pore size diameter 0.45 µm and thickness 47mm.   
 
Figure 24: Comparable water permeability between commercial membrane and thesis samples 
In the Figure 24, we can see that the water permeability of commercial membrane is almost 
double compared to our research samples, the thickness of commercial membrane is very low 
and its single nanofiber layer. In the nest session we can see the particle separation capacity of 
above samples.  
 























































Micro particle rejection capasity
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From the Figure 25, its very clear that not all samples are effective like commercial samples, but 
some samples are effective in separation microparticles like commercial membrane, so we can 
say we invent some good filter by our research.  
8.7 Surface morphology 
Fiber surface morphology has taken by SEM images. In this morphology we have selected nine 
samples which we selected as best candidate from 36 samples. We can see that, the PA6 samples 
fiber diameter has less diameter compared to PVDF and PAN samples. PA6-2A-110 shows 
lowest fiber diameter and we saw our previous results PA6 samples are more effective in 







Fiber diameter- 181±7 nm 
PA6-2A-110 
Fiber diameter- 160±5 nm 
PA6-3A-110 
Fiber diameter- 179±6 nm 
 
Table 13: Fiber diameter of PVDF selected samples 
   
PVDF-1A-110 
Fiber diameter- 213±8 nm 
PVDF-1A-125 
Fiber diameter- 226±9 nm 
PVDF-1A-135 
Fiber diameter- 190±10 nm 
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Table 14: Fiber diameter of PAN selected samples 
 
   
PAN-1A-125 
Fiber diameter- 197±6 nm 
PAN-1.5A-125 
Fiber diameter- 208± nm 
PAN-2A-125 
Fiber diameter- 191±6 nm 
 
To sum up from table 12, table 13 and table 14 we can see that, the fiber diameter of PA6 
samples is less compared to PVDF and PAN. We also get good filtration capacity from PA6 
membrane, so for our experiment purpose we also make some new sample by using PA6 
nanofiber membrane with changing the base layer and adhesive web and we get good filtration 
capacity which we include samples abbreviation on Table 2, 3 and 4 and our appendix.  
9. Conclusion 
In our research we have found result pore size, air, and selectivity, contact angle, strength, of 
nanofibrous membranes were all examined in this thesis. Different densities of PVDF, PAN, 
PA6 nanofibrous membranes were examined (GSM). It is found that the temperature and 
pressure has not good impact on result of filtration. It was discovered that the less pore size 
samples are more effective as a filtration membrane. In this case PA6 samples are good in 
filtration it has narrow pore size and small fiber diameter. 
In our thesis we find some PVDF samples shows some hydrophobic property, and the membrane 
does not adsorb the water and did not get any water permeability. Though PAN samples have 
good permeability, but we did not get good micro filtration capacity compared to PA6 samples. 
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In our research we have seen that the PA6 nanofiber membrane are more appropriate to prepare 
microfilter. 
As a future work, it is planned to continue 
-make PVDF modification to absorb water 
-measurement of the long-term efficiency of membranes 
-measurement the self-cleaning property of membrane 
-effect of heat and pressure on membrane 



















[1] F. Yalcinkaya and J. Hruza, “Effect of Laminating Pressure on Polymeric Multilayer 
Nanofibrous Membranes for Liquid Filtration,” Nanomaterials, vol. 8, no. 5, p. 272, Apr. 
2018, doi: 10.3390/nano8050272. 
[2] [3]2021. [Online]. Available: https://www.sciencedirect.com/topics/engineering/microfilter 
2020). [Accessed: 24- Aug- 2021] 
[3] [2]"Handbook of Industrial Membranes | ScienceDirect", Sciencedirect.com, 2021. 
[Online]. Available: https://www.sciencedirect.com/book/9781856172332/handbook-of-
industrial-membranes. [Accessed: 24- Aug- 2021]  
[4] A. Macagnano, F. D. Cesare, and S. Cavaliere, Design and Development of Nanostructured 
Thin Films. MDPI, 2020. 
[5] “A study on the effects of laminating temperature on the polymeric nanofiber web | 
SpringerLink.” https://link.springer.com/article/10.1007/s11814-010-0400-7 (accessed Mar. 
05, 2021). 
[6] “About Nonwovens.” https://www.inda.org/about-nonwovens/ (accessed Dec. 30, 2020). 
[7] N. Mao, “Nonwoven fabric filters,” in Fibrous Filter Media, Elsevier, 2017, pp. 133–171. 
doi: 10.1016/B978-0-08-100573-6.00005-8. 
[8] N. A. Kalabek and O. Babaarslan, “Fiber Selection for the Production of Nonwovens,” in 
Non-woven Fabrics, H.-Y. Jeon, Ed. InTech, 2016. doi: 10.5772/61977. 
[9] H. Lim, “A review of spun bond process,” vol. 6, no. 3, p. 13. 
[10] H. Moon, K. Jeong, M. J. Kwak, S. Q. Choi, and S. G. Im, “Solvent-Free Deposition of 
Ultrathin Copolymer Films with Tunable Viscoelasticity for Application to Pressure-
Sensitive Adhesives,” ACS Appl. Mater. Interfaces, vol. 10, no. 38, pp. 32668–32677, Sep. 
2018, doi: 10.1021/acsami.8b10009. 
[11] G. Peltier, “Environmentally Friendly Dry Thermoplastic Adhesive Films and Webs for 
Industrial Bonding Applications,” Journal of Coated Fabrics, vol. 22, no. 3, pp. 224–233, 
Jan. 1993, doi: 10.1177/152808379302200306. 
[12] M. Snowdon and R. Liang, “Electrospun polymeric nanofibrous membranes for water 
treatment,” Dec. 2018. 
65 
 
[13] A. R. Jahanbaani, T. Behzad, S. Borhani, and M. H. K. Darvanjooghi, “Electrospinning of 
cellulose nanofibers mat for laminated epoxy composite production,” Fibers Polym, vol. 17, 
no. 9, pp. 1438–1448, Sep. 2016, doi: 10.1007/s12221-016-6424-9. 
[14] R. D. Bland, T. L. Clarke, and L. B. Harden, “Rapid infusion of sodium bicarbonate and 
albumin into high-risk premature infants soon after birth: a controlled, prospective trial,” 
Am J Obstet Gynecol, vol. 124, no. 3, pp. 263–267, Feb. 1976, doi: 10.1016/0002-
9378(76)90154-x. 
[15] “A. Haider, S. Haider, and I.-K. Kang, ‘A comprehensive review summarizing the effect of 
electrospinning parameters and potential applications of nanofibers in biomedical and 
biotechnology’, Arab. J. Chem., vol. 11, no. 8, pp. 1165–1188, Dec. 2018, doi: 
10.1016/j.arabjc.2015.11.015”. 
[16] “Z. Li and C. Wang, ‘Effects of Working Parameters on Electrospinning’, in One-
Dimensional nanostructures, Berlin, Heidelberg: Springer Berlin Heidelberg, 2013, pp. 15–
28”. 
[17] “Y.-Z. Long, X. Yan, X.-X. Wang, J. Zhang, and M. Yu, ‘Chapter 2 - Electrospinning: The 
Setup and Procedure’, in Electrospinning: Nanofabrication and Applications, B. Ding, X. 
Wang, and J. Yu, Eds. William Andrew Publishing, 2019, pp. 21–52”. 
[18] M. Takht Ravanchi, T. Kaghazchi, and A. Kargari, “Application of membrane separation 
processes in petrochemical industry: a review,” Desalination, vol. 235, no. 1–3, pp. 199–
244, Jan. 2009, doi: 10.1016/j.desal.2007.10.042. 
[19] M. Padaki et al., “Membrane technology enhancement in oil–water separation. A review,” 
Desalination, vol. 357, pp. 197–207, Feb. 2015, doi: 10.1016/j.desal.2014.11.023. 
[20] “BoyrazEvren_DP.pdf.” Accessed: Dec. 10, 2020. [Online]. Available: 
https://dspace.tul.cz/bitstream/handle/15240/154223/BoyrazEvren_DP.pdf?sequence=1&is
Allowed=y 
[21] “Electrospun Fibers for Oil-Water Separation”. 
[22] F. Yalcinkaya, “A review on advanced nanofiber technology for membrane distillation,” 
Journal of Engineered Fibers and Fabrics, vol. 14, p. 155892501882490, Jan. 2019, doi: 
10.1177/1558925018824901. 




[24] “Handbook of Meat Processing | Wiley,” Wiley.com. https://www.wiley.com/en-
us/Handbook+of+Meat+Processing-p-9780813821825 (accessed Mar. 09, 2021). 
[25] E. Tardieu, A. Grasmick, V. Geaugey, and J. Manem, “Influence of hydrodynamics on 
fouling velocity in a recirculated MBR for wastewater treatment,” Journal of Membrane 
Science, vol. 156, no. 1, pp. 131–140, Apr. 1999, doi: 10.1016/S0376-7388(98)00343-3. 
[26] C. Wisniewski, “Critical particle size in membrane bioreactors Case of a denitrifying 
bacterial suspension,” Journal of Membrane Science, vol. 178, no. 1–2, pp. 141–150, Sep. 
2000, doi: 10.1016/S0376-7388(00)00487-7. 
[27] “9783527314805: Membranes for Life Sciences - AbeBooks: 3527314806.” 
https://www.abebooks.com/9783527314805/Membranes-Life-Sciences-3527314806/plp 
(accessed Mar. 09, 2021). 
[28] P. Banerjee, R. Das, P. Das, and A. Mukhopadhyay, “Membrane Technology,” in Carbon 
Nanotubes for Clean Water, R. Das, Ed. Cham: Springer International Publishing, 2018, pp. 
127–150. doi: 10.1007/978-3-319-95603-9_6. 
[29] S. Ripperger and G. Schulz, “Microporous membranes in biotechnical application,” 
Bioprocess Eng., vol. 1, no. 1, pp. 43–49, 1986, doi: 10.1007/BF00369463. 
[30] “Membrane Types - Isotropic.” 
http://www.separationprocesses.com/Membrane/MT_Chp02a.htm (accessed Dec. 16, 
2020). 
[31] R. W. Baker, Membrane technology and applications. New York: McGraw-Hill, 2000. 
[32] S.-J. Lee, M. Dilaver, P.-K. Park, and J.-H. Kim, “Comparative analysis of fouling 
characteristics of ceramic and polymeric microfiltration membranes using filtration 
models,” Journal of Membrane Science, vol. 432, pp. 97–105, Apr. 2013, doi: 
10.1016/j.memsci.2013.01.013. 
[33] N. Horzum, M. M. Demir, R. Muñoz-Espí, and D. Crespy, Eds., “12. Nanofibers in liquid 
filtration,” in Green Electrospinning, De Gruyter, 2019, pp. 321–342. doi: 
10.1515/9783110581393-012. 
[34] N. S. Abd Halim et al., “Recent Development on Electrospun Nanofiber Membrane for 
Produced Water Treatment: A review,” Journal of Environmental Chemical Engineering, 
vol. 9, no. 1, p. 104613, Feb. 2021, doi: 10.1016/j.jece.2020.104613. 
67 
 
[35] H. Chen, M. Huang, Y. Liu, L. Meng, and M. Ma, “Functionalized electrospun nanofiber 
membranes for water treatment: A review,” Science of The Total Environment, vol. 739, p. 
139944, Oct. 2020, doi: 10.1016/j.scitotenv.2020.139944. 
[36] F. E. Ahmed, B. S. Lalia, and R. Hashaikeh, “A review on electrospinning for membrane 
fabrication: Challenges and applications,” Desalination, vol. 356, pp. 15–30, Jan. 2015, doi: 
10.1016/j.desal.2014.09.033. 
[37] J. Luo et al., “Refining sugarcane juice by an integrated membrane process: Filtration 
behavior of polymeric membrane at high temperature,” Journal of Membrane Science, vol. 
509, pp. 105–115, Jul. 2016, doi: 10.1016/j.memsci.2016.02.053. 
[38] “Nanofiber,” Wikipedia. Nov. 13, 2020. Accessed: Dec. 11, 2020. [Online]. Available: 
https://en.wikipedia.org/w/index.php?title=Nanofiber&oldid=988510857 
[39] F. Yalcinkaya, “Preparation of various nanofiber layers using wire electrospinning system,” 
Arabian Journal of Chemistry, vol. 12, no. 8, pp. 5162–5172, Dec. 2019, doi: 
10.1016/j.arabjc.2016.12.012. 
[40] Y. Ding, P. Zhang, Z. Long, Y. Jiang, F. Xu, and W. Di, “The ionic conductivity and 
mechanical property of electrospun P(VdF-HFP)/PMMA membranes for lithium ion 
batteries,” Journal of Membrane Science, vol. 1–2, no. 329, pp. 56–59, 2009, doi: 
10.1016/j.memsci.2008.12.024. 
[41] L. F. Charles, M. T. Shaw, J. R. Olson, and M. Wei, “Fabrication and mechanical properties 
of PLLA/PCL/HA composites via a biomimetic, dip coating, and hot compression 
procedure,” J Mater Sci: Mater Med, vol. 21, no. 6, pp. 1845–1854, Jun. 2010, doi: 
10.1007/s10856-010-4051-3. 
[42] Y. Xu et al., “Simultaneous enhancements in the strength, modulus and toughness of 
electrospun polymeric membranes,” RSC Advances, vol. 7, no. 76, pp. 48054–48057, 2017, 
doi: 10.1039/C7RA07739D. 
[43] B. Yalcinkaya, F. Yalcinkaya, and J. Chaloupek, “Optimisation of thin film composite 
nanofiltration membranes based on laminated nanofibrous and nonwoven supporting 
material.,” Desalination and Water Treatment, vol. 59, pp. 19–30, 2017. 
[44] B. Yoon and S. Lee, “Designing waterproof breathable materials based on electrospun 
nanofibers and assessing the performance characteristics,” Fibers Polym, vol. 12, no. 1, pp. 
57–64, Feb. 2011, doi: 10.1007/s12221-011-0057-9. 
68 
 
[45] “(18) (PDF) Electrospun polymeric nanofibrous membranes for water treatment.” 
https://www.researchgate.net/publication/329980506_Electrospun_polymeric_nanofibrous_
membranes_for_water_treatment (accessed Feb. 02, 2021). 
[46] “Filters and Filtration Handbook, Fifth Edition by Ken Sutherland - PDF Drive.” 
http://www.pdfdrive.com/filters-and-filtration-handbook-fifth-edition-e33478610.html 
(accessed Dec. 09, 2020). 
[47] T. D. Fornes and D. R. Paul, “Crystallization behavior of nylon 6 nanocomposites,” 
Polymer, vol. 44, no. 14, pp. 3945–3961, Jun. 2003, doi: 10.1016/S0032-3861(03)00344-6. 
[48] X. Tan, S. P. Tan, W. K. Teo, and K. Li, “Polyvinylidene fluoride (PVDF) hollow fibre 
membranes for ammonia removal from water,” Journal of Membrane Science, vol. 271, no. 
1, pp. 59–68, Mar. 2006, doi: 10.1016/j.memsci.2005.06.057. 
[49] N. Scharnagl and H. Buschatz, “Polyacrylonitrile (PAN) membranes for ultra- and 
microfiltration,” Desalination, vol. 139, no. 1, pp. 191–198, Sep. 2001, doi: 10.1016/S0011-
9164(01)00310-1. 
 
[50] [1]M. Koch and G. Krammer, "The Permeability Distribution (PD) Method for Filter Media 
Characterization", Aerosol Science and Technology, vol. 42, no. 6, pp. 433-444, 2008. 
 
 
 
 
 
